Abstract Aims/hypothesis: Insulin resistance is concomitant with metabolic syndrome, oxidative stress and cardiac contractile dysfunction. However, the causal relationship between oxidative stress and cardiac dysfunction is unknown. This study was designed to determine the impact of overexpression of the cardiac antioxidant metallothionein on cardiac dysfunction induced by insulin resistance in mice. Methods: Whole-body insulin resistance was generated in wild-type FVB and metallothionein transgenic mice by feeding them with sucrose for 12 weeks. Contractile and intracellular Ca 2+ properties were evaluated in ventricular myocytes using an IonOptix system. The contractile indices analysed included: peak shortening (PS), time to 90% PS (TPS 90 ), time to 90% relengthening (TR 90 ), halfwidth duration, maximal velocity of shortening (+dL/dt) and relengthening (−dL/dt), fura-fluorescence intensity change (ΔFFI) and decay rate (τ). Results: The sucrose-fed mice displayed glucose intolerance, enhanced oxidative stress, hyperinsulinaemia, hypertriglyceridaemia and normal body weight. Compared with myocytes in starch-fed mice, those from sucrose-fed mice exhibited depressed PS, +dL/dt, −dL/ dt, prolonged TR 90 and decay rate, and reduced ΔFFI associated with normal TPS 90 and half-width duration. Western blot analysis revealed enhanced basal, but blunted insulin (15 mU/g)-stimulated Akt phosphorylation. It also showed elevated expression of insulin receptor β, insulin receptor tyrosine phosphorylation, peroxisome proliferatoractivated receptor γ, protein tyrosine phosphatase 1B and phosphorylation of the transcription factor c-Jun, associated with a reduced fold increase of insulin-stimulated insulin receptor tyrosine phosphorylation in sucrose-fed mice. All western blot findings may be attenuated or ablated by metallothionein. Conclusions/interpretation: These data indicate that oxidative stress may play an important role in cardiac contractile dysfunction associated with glucose intolerance and possibly related to alteration in insulin signalling at the receptor and post-receptor levels.
Introduction
Insulin resistance is a hallmark of various medical conditions, including type 2 diabetes, obesity, hypertension, metabolic syndrome and polycystic ovary disease [1, 2] . It may be genetically predisposed in offspring of insulinresistant individuals [3] , making insulin resistance a rather severe clinical problem. Resistance to the metabolic actions of insulin is widespread in skeletal, hepatic, adipose and cardiac tissues, and may interfere with glucose transport, hexokinase activity, gene expression, glycogen synthesis and glucose oxidation [4, 5] . Individuals with insulin resistance exhibit a high incidence of cardiovascular diseases [1, 2] . Compromised heart function associated with insulin resistance is characterised by impaired cardiac efficiency, reduced ventricular function and coronary heart disease [1, [6] [7] [8] [9] . These dysfunctions are reminiscent of those found in type 2 diabetic or obese patients with compromised ventric-ular function, including prolonged action potential, reduced ventricular wall compliance, diminished cytosolic Ca 2+ clearance and prolonged diastolic duration [10] [11] [12] . Several potential causes have been postulated for the onset of myopathic changes associated with type 2 diabetes or obesity, and these include oxidative stress, altered glucose metabolism, and impaired function of sarco(endo)plasmic reticulum Ca 2+ -ATPase and Na + /Ca 2+ exchange [9, 11, 13] . However, it has not been fully established whether prediabetic insulin resistance directly predisposes hearts to cardiac contractile dysfunction in type 2 diabetes or obesity.
Knowledge of insulin signalling has grown dramatically over the past decade. Binding of insulin to its receptor activates tyrosine kinase in the insulin receptor β subunit and turns on either IRS-1 and IRS-2, or the Grb2/Sos/Ras/ ERK1/ERK2 pathway [5] . IRS-1/IRS-2-mediated activation of phosphatidylinositol-3 kinase (PI-k3) is believed to be responsible for the metabolic effects of insulin [14] , whereas the Grb2/Sos/Ras/ERK pathway barely contributes to insulin-stimulated glucose transport or glycogen synthesis [15] . Several post-receptor components, including the serine/threonine protein kinase Akt, protein tyrosine phosphatase 1B (PTP1B), peroxisome proliferator-activated receptor γ (PPARγ) and mammalian target of rapamycin, have been shown to participate in peripheral glucose metabolism [16] [17] [18] [19] . Both dampened and hyperactivated insulin signalling lead to systemic insulin resistance, which may eventually progress to type 2 diabetes and other metabolic disorders [2, 20] . PTP1B is a negative regulator of insulin signalling, whereas PPARγ agonists have emerged as potent insulin sensitisers [17, 19] . Both under-and overactivation of cardiac survival factor Akt have been demonstrated in type 2 diabetes or insulin resistance [21] [22] [23] . This study was designed to investigate the impact of the antioxidant metallothionein (MT) on oxidative stress induced by prediabetic insulin resistance, and on the stress-induced transcription factor c-Jun, cardiac dysfunction and insulin signalling at the levels of insulin receptor, Akt, PTP1B and PPARγ.
Materials and methods

Experimental animals and induction of whole-body insulin resistance
The experimental procedure was approved by our Institutional Animal Use and Care Committee at the University of North Dakota (Grand Forks, ND, USA) and University of Wyoming (Laramie, WY, USA). All animal procedures were in accordance with NIH animal care standards. In brief, 4-month-old male FVB and MT transgenic mice weighing ∼20 g were randomly divided into two groups each and fed either a cornstarch (providing 68% of total energy)-or sucrose (providing 68% of total energy)-based diet formulated by Research Diets (New Brunswick, NJ, USA) for 12 weeks. This sucrose-induced prediabetic model is characterised by hyperinsulinaemic and hypertriglyceridaemic whole-body insulin resistance [6, 7] . The mice were maintained in a 12-h/12-h light/dark cycle with free access to tap water. The fur color was used as a marker for MT (dark brown) or wild-type FVB (white) mouse identification as described [24] . For the insulin stimulation study, mice from each group were injected intraperitoneally with insulin (15 mU/g body weight) for 10 min before being killed and the tissue collected.
Intraperitoneal glucose tolerance test, plasma insulin and triglycerides
The i.p. glucose tolerance test was performed as described [25] . After the 12 weeks of dietary feeding, both starch-and sucrose-fed mice were fasted for 12 h and then given an i.p. injection of glucose (2 g/kg body weight). Blood samples were drawn from the tail 15 min and immediately before the glucose challenge, as well as 15, 60, and 120 min thereafter. Serum glucose levels were determined using a glucose analyser (Accu-Chek III, model 792; Boehringer Mannheim Diagnostics, Indianapolis, IN, USA). Plasma insulin and triglyceride levels were measured by radioimmunoassay (Linco Research, St Charles, MO, USA).
Isolation of mouse ventricular myocytes
Hearts were rapidly removed from anaesthetised mice and immediately mounted on a temperature-controlled (37°C) Langendorff perfusion system. After perfusion with modified Tyrode solution (Ca 2+ free) for 2 min, the heart was digested for 10 min with 0.9 mg/ml collagenase D (Boehringer Mannheim Biochemicals) in modified Tyrode solution. The modified Tyrode solution (pH 7.4) contained the following (in mmol/l): NaCl 135, KCl 4.0, MgCl 2 1.0, HEPES 10, NaH 2 PO 4 0.33, glucose 10, butanedione monoxime 10; it was gassed with 5% CO 2 -95% O 2 . The digested heart was then removed from the cannula and the left ventricle was cut into small pieces in the modified Tyrode solution. These pieces were gently agitated and the pellet of cells was resuspended in modified Tyrode solution and allowed to settle for another 20 min at room temperature. During this time, extracellular Ca 2+ was added incrementally up to a concentration of 1.2 mmol/l. Isolated myocytes were used for experiments within 8 h of isolation. For the recording of mechanical properties and intracellular Ca 2+ transients as described [26] only rod-shaped myocytes with clear edges were selected.
Cell shortening/relengthening measurements
The mechanical properties of ventricular myocytes were assessed using a SoftEdge MyoCam system (IonOptix, Milton, MA, USA) [26] . In brief, cells were placed in a Warner chamber mounted on the stage of an inverted microscope (Olympus IX-70; Olympus Optical, Tokyo, Japan) and superfused (∼1 ml/min at 25°C) with a buffer containing (in mmol/l): NaCl 131, KCl 4, CaCl 2 1, MgCl 2 1, glucose 10, HEPES 10, at pH 7.4. The cells were fieldstimulated with suprathreshold voltage at a frequency of 0.5 Hz and duration of 3 ms, using a pair of platinum wires placed on opposite sides of the chamber connected to a stimulator (FHC, Bowdoinham, ME, USA). The myocyte being studied was displayed on the computer monitor using an IonOptix MyoCam camera. Changes in cell length during shortening and relengthening were captured with SoftEdge software (IonOptix). Cell shortening and relengthening were assessed according to the following indices: (1) peak shortening (PS), indicative of peak ventricular contractility; (2) time to 90% PS (TPS 90 ), indicative of systolic duration; (3) time to 90% relengthening (TR 90 ), indicative of diastolic duration; (4) half-width duration, which reflects the duration from 50% shortening to 50% relengthening; (5) maximal velocities of shortening (+dL/dt) and relengthening (−dL/ dt), which are indicative of maximal velocities of the rise/fall in ventricular pressure.
Measurement of intracellular Ca
2+ transient
A separate cohort of murine myocytes was loaded with fura-2/AM (0.5 μmol/l) for 10 min and fluorescence measurements were recorded using a dual-excitation fluorescence photomultiplier system (Ionoptix). Myocytes were placed on an Olympus IX-70 inverted microscope and imaged through a Fluor×40 oil objective. Cells were exposed to light emitted by a 75W lamp and passed through either a 360 or a 380 nm filter (bandwidths: ±15 nm), while being stimulated to contract at 0.5 Hz. Fluorescence emissions were detected at 480-520 nm by a photomultiplier tube, after first illuminating the cells at 360 nm for 0.5 s then at 380 nm for the duration of the recording protocol (333 Hz sampling rate). The 360 nm excitation scan was repeated at the end of the protocol and qualitative changes in the intracellular concentration of Ca 2+ ([Ca 2+ ]) i were inferred from the ratio of the fura-2 fluorescence intensity (FFI) at the two wavelengths. Fluorescence decay time was also measured as an indication of the intracellular Ca 2+ clearing rate [26] .
Glutathione and glutathione disulfide assay Glutathione levels were determined in heart, liver and gastrocnemius and the ratio of glutathione (GSH) : oxidised glutathione (GSSG) was used as an indicator of oxidative stress. In brief, samples were homogenised in 4 volumes (w/v) of 1% picric acid. Acid homogenates were centrifuged at 16,000 g (30 min) and supernatant fractions collected. Supernatant fractions were assayed for total GSH and GSSG by the standard recycling method. The procedure consisted of using one-half of each sample for GSSG determination and the other half for GSH. Samples for GSSG determination were incubated at room temperature with 2 μl of 4-vinyl pyridine per 100 μl sample for 1 h after vigorous vortexing. Incubation with 4-vinyl pyridine conjugates any GSH present in the sample, so that only GSSG is recycled to GSH without interference by GSH. The GSSG (as GSH×2) was then subtracted from total GSH to determine the actual GSH level and the GSH : GSSG ratio [27] .
Western blot analysis of Akt, pAkt, insulin receptor β, insulin receptor tyrosine phosphorylation, transcription factor c-Jun phosphorylation, PPARγ and PTP1B
The total protein was prepared as described previously [26] . In brief, tissue samples from the ventricles were removed and homogenised in a lysis buffer containing 20 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 1% Triton, 0.1% SDS and 1% protease inhibitor cocktail. Samples were then sonicated for 15 s and centrifuged at 12,000 g for 20 min at 4°C. The protein concentration of the supernatant was evaluated using Protein Assay Reagent (Bio-Rad, Hercules, CA, USA). Equal amounts (50 μg protein/lane) of the protein from the tissue extraction, or prestained molecular weight markers (Gibco-BRL, Gaithersburg, MD, USA) were separated on 10% or 15% SDS-polyacrylamide gels in a minigel apparatus (Mini-PROTEAN II; Bio-Rad). They were then were transferred electrophoretically to nitrocellulose membranes (0.2 μm pore size; Bio-Rad). Membranes were incubated for 1 h in a 
Results
Experimental animals
There was no difference in body, heart, liver and kidney weight or organ : body weight ratio among FVB-starch-fed, FVB-sucrose-fed, MT-starch-fed and MT-sucrose-fed mice. Plasma levels of insulin and triglycerides were significantly higher in sucrose-fed mice than in starch-fed mice (Table 1) .
Following the acute i.p. glucose challenge (2 g/kg body weight), plasma glucose levels in the starch-fed FVB or MT mice peaked at 15 min, then started to decline, nearly reaching the baseline value by 120 min. However, in the sucrose-fed FVB or MT mice, post-challenge glucose levels remained at much higher levels between 15 and 120 min ( Fig. 1) , indicating that these mice had impaired glucose clearance, which is indicative of glucose intolerance and insulin resistance. There was no difference in basal fasting glucose levels among the four mouse groups, excluding the presence of diabetes in sucrose-fed mice following the 12-week sucrose feeding regimen. The GSH : GSSG ratio was significantly reduced in heart, liver and gastrocnemius muscle from sucrose-fed FVB mice (Table 1) , a sign of enhanced oxidative stress following dietary sucrose feeding. Interestingly, cardiac overexpression of metallothionein restored the GSH/GSSG levels in heart, but not in liver or gastrocnemius muscle of the sucrose-fed mice.
Mechanical and fluorescent properties of myocytes from starch-and sucrose-fed mice Insulin resistance is known to increase the propensity to cardiac hypertrophy. In sucrose-fed FVB mice we observed a significantly longer resting cell length than in starch-fed FVB mice, but this was abolished by cardiac overexpression of metallothionein. Both PS amplitude and +dL/dt/−dL/dt were significantly depressed in myocytes from the sucrosefed FVB group, compared with those from starch-fed FVB mice. Myocytes from sucrose-fed FVB mice displayed normal TPS 90 and a significantly prolonged TR 90 compared with those from starch-fed FVB mice. In all four mouse groups, there was no difference in half-width duration, an index of the duration of late-phase contraction and earlyphase relaxation. Interestingly, metallothionein effectively protected ventricular myocytes from the mechanical dysfunctions induced by the sucrose diet (Fig. 2) . Our further experiments using intracellular fura-2 fluorescence revealed that the electrically stimulated rise in FFI (ΔFFI) was depressed and the intracellular Ca 2+ clearing rate slower in myocytes from sucrose-fed FVB myocytes. This is consistent with the reduced PS and prolonged TR 90 found in sucrose myocytes. Similar to its effect on cell shortening, metallothionein abolished the sucrose-induced decrease in ΔFFI and prolongation of intracellular Ca 2+ clearing. Resting intracellular Ca 2+ levels (resting FFI) were unaltered by diet or metallothionein (Fig. 3) .
Changes of protein expression of Akt, pAkt, insulin receptor β, insulin receptor tyrosine phosphorylation, PPARγ, PTP1B and phosphorylation of transcription factor c-Jun
Insulin resistance is associated with the interruption of insulin signalling at the insulin receptor and post-receptor levels [2] . To causally relate changes of cardiomyocyte mechanical function to levels of insulin signalling, we examined the effect of insulin resistance and the antioxidant metallothionein on cardiac expression of Akt, pAkt, insulin receptor β, insulin receptor tyrosine phosphorylation, PPARγ and PTP1B. Our results indicated that insulin resistance induced by sucrose feeding did not affect total Akt expression in the hearts, either in the basal or in the insulin-stimulated state. However, the sucrose diet significantly enhanced phosphorylation of Akt (both pAkt and the pAkt : Akt ratio) in the absence of insulin stimulation. Acute insulin stimulation (15 mU/g, 10 min) enhanced Akt phosphorylation in starch-fed FVB mice but not in sucrose (Fig. 4) . Further study revealed that insulin resistance significantly enhanced expression of insulin receptor β (basal and insulin-stimulated) and basal insulin receptor tyrosine phosphorylation. Although insulin stimulation significantly enhanced tyrosine phosphorylation of insulin receptors in both FVB groups, the fold increase of insulin receptor tyrosine phosphorylation was much lower in the sucrose-fed group (0.43-fold) than in the starch-fed group (2.20-fold). Metallothionein corrected the upregulation of insulin receptor β that was induced by insulin resistance, and partially restored insulin-stimulated insulin receptor tyrosine phosphorylation in sucrose-fed mice. The metallothionein transgene itself enhanced basal tyrosine phosphorylation of the insulin receptor (Fig. 5) . Our results for sucrose-fed mouse hearts also indicated significantly enhanced expression both of the key post-insulin receptor signalling molecules PPARγ and PTP1B, and of the phosphorylated transcription factor c-Jun. This may be blunted or attenuated by metallothionein transgene. In the starch-fed group, metallothionein itself did not affect expression of PPARγ and phosphorylated c-Jun, but did significantly enhance expression of PTP1B (Fig. 6 ).
Discussion
The major findings of our study are that prediabetic insulin resistance elicits glucose intolerance, hyperinsulinaemia, hypertriglyceridaemia, oxidative stress, cardiac contractile dysfunction and impaired intracellular Ca 2+ handling. The cardiac contractile and intracellular Ca 2+ dysfunctions that were induced by insulin resistance were causally associated with enhanced tonic phosphorylation of Akt, blunted insulin-stimulated phosphorylation of Akt, increased expression of insulin receptor β and insulin receptor tyrosine phosphorylation, reduced response of insulin-stimulated insulin receptor tyrosine phosphorylation, and elevated expression of PPARγ, PTP1B, and the transcription factor c-Jun. Interestingly, these alterations in oxidative status, contractile function and insulin signalling that were induced by insulin resistance were significantly attenuated or abolished by cardiac overexpression of the antioxidant metallothionein. Since the metallothionein transgene did not affect whole-body glucose intolerance, hyperinsulinaemia and hypertriglyceridaemia, our data suggest that cardiac contractile dysfunction and altered insulin signalling as induced by insulin resistance are probably associated with oxidative stress in the mouse hearts. This is supported by our finding that metallothionein alleviated enhanced oxidative stress induced by the sucrose diet, but only in the heart, and not in liver or skeletal muscle.
Insulin resistance is associated with type 2 diabetes, obesity and dyslipidaemia [1, 2] , and is thought to impair cardiac contractile function through increased blood pressure via sympathetic activation, as well as through stimulation of the renin-angiotensin system, and direct alteration of cardiac myocyte function [1, 6, 7, 25] . The alleviation of insulin resistance by pharmacological intervention and lifestyle modification, including diet, weight loss and physical exercise, improves cardiac function and reduces blood pressure [2, 4] . Angiotensin-converting enzyme inhibitors, vasodila- tory β-blockers and L-type Ca 2+ channel blockers have been reported to improve insulin sensitivity and beneficially affect insulin resistance [28] . Our 12-week starch/sucrose dietary feeding protocol elicited hyperinsulinaemia, hypertriglyceridaemia and glucose intolerance without changes in body weight, organ weight and fasting blood glucose between FVB and MT mice, ruling out the possibility that obesity and diabetes were present in and contributed to results for our insulin-resistant model. Data from our study reveal that ventricular myocytes from sucrose-fed mice exhibited depressed PS amplitude, reduced +dL/dt/−dL/dt, and prolonged duration of relaxation (TR 90 ) associated with normal duration of contraction (TPS 90 ) and half-width duration of contraction and relaxation.
Most of these data are consistent with our previous findings using a similar insulin resistance model in rats [7, 25] . The fact that our early observation showed normal TR 90 and +dL/dt/−dL/dt [7] or shortened TPS 90 [25] after sucrose diet intake may result from the different feeding duration (7-8 weeks or 10 weeks) [7, 25] and difference in species. These mechanical defects are quite similar to those reported in ventricular myocytes from full-blown diabetes, all of which are characteristic of diabetic cardiomyopathy [12, 13, 26] . The impaired intracellular Ca 2+ handling, observed in the form of a reduced intracellular Ca 2+ clearance rate and a reduced intracellular Ca 2+ rise (ΔFFI) in sucrose-fed FVB mouse myocytes, is consistent with and most probably directly responsible for the prolonged relaxation (TR 90 ) and reduced peak shortening in these cells. The normal TPS 90 and half-width durations seem to indicate that prolonged relaxation may occur during the late phase of relaxation rather than in early ones. In addition, our data revealed prolonged relaxation duration (TR 90 ) but normal maximal velocity of relaxation (−dL/dt). This discrepancy may indicate that protein(s) responsible for rapid relaxation (i.e. the rapid phase of ventricular filling during the diastole), e.g. myosin heavy-chain isozyme, may be normal, whereas cellular machineries responsible for reduced-phase ventricular filling or slow cytosolic Ca 2+ extrusion (e.g. Na + /Ca 2+ exchange, mitochondrial or sarcolemmal Ca 2+ pumps) are defective. Further study is warranted to elucidate the expression and function of these myocardial proteins.
It appears that the effects of type 2 diabetes on the heart are more subtle than those of type 1 diabetes and may become visible only after metabolic challenge such as increased work load [29, 30] . The existence of cardiomyocyte dysfunction has been shown in some [6, 7, 25, [31] [32] [33] [34] but not all [35] animal models of type 2 diabetes or insulin resistance. The mechanical and intracellular Ca 2+ defects triggered by insulin resistance may be alleviated by metallothionein, in a manner similar to its effect on diabetes-induced cardiac contractile dysfunctions [13] . Metallothionein protection of cardiomyocyte function in type 1 diabetes was due to its antioxidant action [13, 36] . It is likely that reduction of oxidative stress was also responsible for the protective effect of metallothionein on cardiac contractile dysfunction associated with insulin resistance, a notion supported by its antagonism against the sucrose-diet-induced reduction of GSH : GSSG ratio and against hyperphosphorylation of the transcription factor c-Jun, a key signalling molecule stimulated by enhanced oxidative stress [37] . C-Jun is a unique transcription factor controlling cell survival through regulation of cell cycle regulators such as p53, p21 and p16 [37] .
More recently, a unique concept of the antioxidant protective mechanism of metallothionein against diabetic cardiomyopathy has been postulated. Metallothionein was shown to alleviate enhanced superoxide generation, 3-nitrotyrosine formation and nitrosative damage in streptozotocin-induced diabetes [38] . Hyperglycaemia and hyperinsulinaemia contribute to the accumulation of reactive oxygen species, reactive nitrogen species and oxidative stress [13, 38, 39] , although the role of c-Jun and other transcription factors such as Fos in oxidative-stress-associated myocardial function has not been elucidated.
Our current study revealed upregulation of several insulin-signalling molecules in insulin-resistant FVB mice, both at the receptor and post-receptor levels. Perhaps the most interesting finding was that alterations of these insulinsignalling molecules (insulin receptor β, insulin receptor tyrosine phosphorylation, Akt phosphorylation, PTP1B and PPARγ) are associated with altered contractile function in either insulin-sensitive or insulin-resistant mice, with or without antioxidant protection from metallothionein. Our finding of improved function with antioxidant metallothionein is consistent with an earlier report that the abrogation of oxidative stress may improve insulin sensitivity in the Ren2 rat model of tissue angiotensin II overexpression [40] . Defects of insulin signalling often include reduced expression and/or function of insulin receptor and IRS-l, as well as diminished insulin receptor kinase activation and tyrosine phosphorylation of IRS-l, and defective activation of PI-3K [41] [42] [43] . The elevated expression of insulin receptor β, insulin receptor tyrosine phosphorylation and tonic Akt phosphorylation in insulin-resistant FVB mice may indicate a pseudo-hyperactivity of insulin signalling, possibly due to a feedback upregulatory mechanism as a result of desensitised insulin signalling after 12 weeks of sucrose feeding. What is detrimental for such high tonic phosphorylation of the insulin receptor and Akt is that subsequent insulin stimulation cannot generate any or only an inadequate response-the condition of insulin resistance. This is shown by our finding of blunted or reduced insulinstimulated phosphorylation of insulin receptor tyrosine phosphorylation and Akt. It is perhaps not surprising that sucrose-induced insulin resistance is accompanied by upregulated expression of PTP1B, the negative modulator of insulin signalling. It has been shown that reactive oxygen species is essential for optimal tyrosine phosphorylation and insulin signalling in response to diverse stimuli [44, 45] . Protein tyrosine phosphatases (PTPs) are extremely sensitive to inhibition by reactive oxygen species via reversible oxidation [45] . Although oxidative stress may facilitate a tyrosine-phosphorylation-dependent cellular signalling response of insulin by transiently inactivating the PTPs that would normally suppress the insulin signal, excessive accumulation of reactive oxygen species under insulin resistance and diabetes has been reported to upregulate the redox-sensitive protein PTP1B [46] . On the other hand, the sucrose-induced increase in PPARγ, the adipocyte-predominant transcription factor found in low abundance in the heart [47] , may serve as an insulin sensitiser to regulate glucose and lipid homeostasis [17] . PPARγ may be upregulated in a compensatory manner by excessive accumulation of reactive oxygen species [48] , as seen in our current study. It can be speculated that the antioxidant metallothionein reconciles the imbalanced redox status triggered by insulin resistance under the present experimental setting, thus restoring the normal insulin-signalling mechanisms at the levels of insulin receptor β, insulin receptor tyrosine phosphorylation, Akt phosphorylation, PTP1B and PPARγ. However, further studies using either confirmatory functional (such as pharmacological) interventions or specific gene overexpression or deletion approaches are warranted to validate the involvement of these insulin-signalling molecules.
With regard to the experimental limitations of our study, it should be noted that the absolute heart weights or heart : body weight ratios were not different among the four animal groups, whereas cardiomyocytes from sucrose-fed FVB mice were significantly longer than in all other groups, suggesting some form of cardiac remodelling. Possible speculative explanations of this 'cardiac hypertrophy' include elevated circulating levels of growth factors such as IGF-1. However, our study failed to provide any such evidence with regard to the observed discrepancy between heart weight and myocyte length. In addition, we did not establish any mechanism of action, such as altered mitochondrial function, behind the elevated oxidative stress seen in sucrose-fed mice. Further study is warranted to define the link between insulin resistance and oxidative stress so that optimal therapeutic regimens may be planned to alleviate possible organ damage under insulin resistance and/or oxidative stress.
Oxidative stress and impaired cardiac contractile function have been demonstrated in insulin-resistant states such as type 2 diabetes, hypertension and obesity [49] . A highfructose diet has been shown to reduce mRNA expression of antioxidant catalase [50] . Our present study indicated that insulin resistance contributes to cardiac contractile dysfunctions, oxidative stress and activation of the transcription factor c-Jun, as well as to impaired insulin signalling, which may be alleviated by overexpression of the antioxidant metallothionein in the heart. Although our study sheds some light on the interaction between oxidative stress, insulin signalling and the cardiac defects associated with insulin resistance, the pathogenesis of cardiac contractile dysfunction under insulin resistance still deserves further in-depth investigation. It is important to delineate the insulin-signalling mechanism under oxidative stress and to understand the transition from an insulin-sensitive to an insulin-resistant state. It is also imperative that we understand the direct role of long-lasting insulin resistance on cardiac dynamics in response to oxidative stress.
